A specially designed pulsed discharge nozzle (PDN) ion source, a glow discharge pulsed supersonic jet, was constructed. The optical emission spectra of argon I and II in the region of 300-800 nm were observed and analyzed. The gas temperature of 3500 K and the ion one of 11 100 K were simulated by the Boltzmann plot method, and the electron density was simulated by Stark broadening of the H α line. Owing to the big difference between the temperatures of Ar I and II, the plasma in the PDN is concluded to be in non-local thermodynamic equilibrium. The evolution of plasma parameters in the PDN was investigated also by using time-dependent emission spectra.
Introduction
A pulsed discharge nozzle (PDN) is a source for producing and investigating transitionally and rovibrationally cold radicals and single-charged ions, which have important roles in astrophysics, biochemistry, materials science and other fields [1] . Many experiments have been carried out to characterize the properties of radicals and ions produced by a discharge source [2] [3] [4] [5] [6] . However, few previous works have investigated the properties and dynamics of the plasma in a PDN, which have a major role in producing new radicals and ions.
Optical emission spectroscopy (OES), also called atomic emission spectroscopy, is a well-developed technology to diagnose a plasma [7] . In this work, a glow discharge pulsed supersonic jet ion source was constructed. OES of argon ions and atoms was carried out to simulate the parameters of a plasma and their evolution, and we examined whether the plasma is in the condition of local thermodynamic equilibrium (LTE).
Experimental setup
A new glow discharge pulsed supersonic jet ion source was constructed. A schematic view of the modified apparatus is shown in figure 1 . The source consists of a pulsed supersonic jet (General Valve Series 9) with a 0.5 mm diameter orifice in a vacuum chamber, and provides an intense gas pulse of 200 µs duration with a 10 Hz repetition rate. After a suitable delay, a pulsed dc discharge of 2 µs duration and 2000 V peak voltage was struck between a pair of stainless steel ring electrodes (4 mm diameter and 3 mm distance). The emission of plasma was focused with a lens system into the entrance slit of a 1 m scanning monochromator (Spex 1000 M II), which was calibrated with an accuracy of 0.2 cm −1 and a typical resolution of 1 cm −1 . The time-resolved emission spectra were recorded by adjusting the integrator gates of BOXCAR at 1, 2, 3, 4, 6, 9, 12, 16 and 20 µs after the discharge was triggered. The intensity of the data was calibrated by considering the efficiencies of optical components, photomultiplier tube (PMT) and gratings of the monochromator.
Results and discussion
It is well known that a PDN is a very special glow discharge, where mainly two physical zones are present in the discharge process: Crooke's dark zone and the negative glow region [9] . By comparison, the negative glow is a plasma with a relatively higher temperature and a more luminous and larger space, and is the area most plasma investigations are interested in. In this experiment, the depth of field of the lens system is not small enough to avoid the emission from Crooke's dark zone. So, when we deal with the spectra data, the effect of Crooke's dark zone needs to be considered.
Evolution of the gas temperature and the ion temperature
The argon gas (atom) temperature and the ion temperature were simulated by the Boltzmann plot method [7] for the corresponding particles, which considers the Boltzmann distribution law and spontaneous emission, and are given by
where k is the Boltzmann constant, E u and g u are the excitation energy and statistic weight of the excited state, A ul , I ul and hv are the probability, intensity and energy of the transition, respectively, and T, N and Z are the temperature, total number and partition function of the particle. The value of T is deduced from the slope of the Boltzmann plot. A typical delay of 3 µs was selected for the fitting of equation (1) as shown in figure 2 , where 47 lines of Ar I and 63 lines of Ar II were involved. Lines whose upper level energies are lower than 114 000 cm −1 for Ar I and 165 000 cm −1 for Ar II were abundant to avoid the effect of Crooke's dark zone. Actually, the temperatures of both Ar I and II at 3 µs delay are maximum values. However, the 3554 K of Ar I is much lower than the 11 145 K of Ar II. This situation is far from the LTE condition; in other words, here the electron density of the plasma is relatively low and the collisions between heavy particles dominate the temperature of the gas. Before the discharge struck, the collision-free supersonic atom beam had a very low temperature of 10 K and a density of 3 × 10 16 cm −3 [8] . At this low pressure, the collision between the 'hot ion' produced by the discharge and the atom is not very efficient. As a simple estimation, the mean free path and the collision rate of Ar atoms at this density at 3000 K are 5.1 × 10 −5 m and 24.7 µs −1 , respectively. Obviously, this collision rate is not efficient enough to make the gas temperature equivalent to the ion temperature. The temperatures at other delay times were fitted by comparing with the standard value at 3 µs. Equation (1) is considered on the same lines with different delay times which are labeled with subscript 1 and 2, and we can obtain the relationship of the temperatures to the line intensities at different delay times,
By fitting the terms of ln(Ahvg/I), the slope presents the relative temperature shifts at different delays. Temperature evolutions of argon I and II are plotted in figure 2. The gas temperature rises quickly and reaches a maximum as soon as the discharge is off, while the ion temperature reaches a maximum 1 µs later. After a while, the gas temperature falls from 9 µs, and decreases to around 50% at 16 µs. The ion temperature maintains the maximum till around 12 µs, and decreases to about 84% at 16 µs.
Electron temperature and density
It is well known that the temperatures of gases, ions and electrons are treated as the same value in LTE plasma. However, in the low-pressure environment, these three temperatures are significantly different: T e > T ion > T gas . A number of low-pressure glow discharge experiments have proved that the ion temperature should be in the range of 1-2 eV [9] , corresponding to 11 000-23 000 K. For convenient discussion and calculation, we assume that the electron temperature in our experiment is constant and similar to the highest ion temperature of 11 100 K during the discharge and glow processes.
There are two physical mechanisms that contribute to line broadening in plasma: Doppler broadening caused by the thermal motion of the radiators and Stark broadening caused by the interactions of radiator atoms with the electric field which is produced by the charged particles at the location of the radiator. Stark broadening depends on the density of ions/electrons. The relationship of the electron density to the linewidth of the H α line is [10] N e = 8.02 × 10
where λ 1/2 is the FWHM (full-width at half-maximum) of the Stark broadening Lorentz profile of the H α line in units of Å and α 1/2 is a function of the electron density and temperature, which has been studied and tabulated [11] . In this experiment, the narrowest line of Ar I around 650 nm was measured, and its width of 1.7 cm −1 fitted by a Gaussian profile was used as the instrumental broadening. Assuming that the H and Ar atoms have the same temperature of 3500 K, the FWHM of the Doppler broadening Gaussian profile of the Balmer H α (656.27 nm) line is 0.67 cm −1 . Finally, a Voigt profile is used to fit the H α line whose Lorentz profile comes from the Stark broadening while the Gaussian profile comes from the consideration of both instrumental broadening and Doppler broadening with the fixed total width The fitting results of the electron density evolution are plotted in figure 3 . During the discharge process, the plasma has a significantly high electron density, and the maximum density of 1.4 × 10 16 cm −3 is close to half the atom density of 3 × 10 16 cm −3 in the supersonic gas beam. This means that nearly half of the atoms are ionized by the discharge if it is treated as a singly ionized process. After the discharge turns off, the electron density remains at a low level of 3.5 × 10 15 cm −3 till 13 µs. This low density is obviously not enough to self-maintain an LTE plasma.
Conclusion
A new PND ion source was constructed and the OES of argon I and II were obtained and analyzed. The temperatures of atoms and ions were simulated by the Boltzmann plot method, and the electron density was simulated by Stark broadening of the H α line. The plasma is concluded to be non-LTE because the Ar II temperature of 11 100 K is much larger than the Ar I temperature of 3500 K, and the electron density of 4 × 10 15 cm −3 is quite low. The evolution of the plasma parameters was obtained by means of time-dependent emission spectra.
